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ABSTRACT 
Measurement data for the surface tension, density, and electrical resistivity of 
undercooled liquid Cu-Ni alloys of different compositions and at different temperatures 
are presented. The experiments were performed in facilities that combine the 
containerless positioning method of electromagnetic levitation with contactless 
measurement techniques. Although Cu-Ni alloys are rather simple from a chemical 
point of view, the data for density, surface tension, and electrical resistivity unveil the 
occurrence of short-range atomic order processes in the melt. For the density this 
manifests in a composition dependent excess volume, for the surface tension in smaller 
values due to an increased surface segregation, and for the electrical resistivity in a 
deviation from the linear temperature dependence at low temperatures. 
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1. INTRODUCTION 
Thermophysical properties of molten metals such as density, electrical resistivity, 

surface tension and others play an important role in understanding the thermodynamic 
state of the liquid. Here we investigate copper-nickel alloys. Firstly, because they are of 
practical interest. Solid Cu44Ni56, known as constantan in electrical engineering, shows a 
constant electrical resistivity over a wide temperature range. Secondly, because we are 
interested to find out, whether, despite the very low mixing enthalpy, there are 
cooperative effects in the melt between the copper and nickel atoms. And finally, 
because the melt can easily be processed in our electromagnetic levitation facilities 
which leads to a reduction of the measurement errors. 

From a chemical point of view the Cu-Ni alloys are rather simple. Copper and 
nickel are two metals with very similar properties concerning the density and the molar 
volume. Furthermore, in the liquid state, copper and nickel are totally miscible in all 
stoichiometric ratios and at all attainable temperatures [1]. Despite of this similarity, the 
data of our density and surface tension measurements for these alloys in the liquid state 
show a clear deviation from an ‘ideal’ mixing behavior. This means, that density and 
surface tension of the mixture can not simply be derived without consideration of 
interactions between the constituents. 

Cu-Ni alloys have a small, positive molar mixing enthalpy ∆H in the liquid state 
[2]. It can be described by 

NiCuNiCu ccWH ,=∆   with  molkJW NiCu /5.11, ≈ , 
where cCu and cNi are the copper and nickel concentrations in the melt. This implies a 
maximum demixing temperature of ca. 425°C occurring for Cu50Ni50. Thus, we were 
interested to measure the above mentioned thermophysical quantities of the liquid Cu-
Ni alloys also at very low temperatures in the undercooled state, i.e. in the liquid state 
below the melting temperature Tm, in order to investigate whether the occurrence of 
local atomic ordering processes in the melt already influence the global thermophysical 
properties. 

To reduce disturbing influences of crucible walls on the measurements and to 
reach the deeply undercooled state of the Cu-Ni alloys, where possible ordering 
phenomena should show more pronounced, all measurements were performed 
contactlessly at containerlessly levitated melts. For a containerless processing 
(positioning, heating and melting) of our Cu-Ni melt we always used the 
electromagnetic levitation [3]. For the contactless measurements, optical and inductive 
techniques were applied. 

In the following we show data for the density, the surface tension, and the 
electrical resistivity of liquid Cu-Ni alloys of different temperatures and compositions 
and give a short overview of the applied measurement techniques. 

2. DENSITY 
In the past density measurements of liquid metals have been carried out on the 

copper nickel system using the electromagnetic levitation [4], the so called maximum 
bubble pressure technique [5], and the electrostatic levitation [6]. However, major 
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differences in these results are common and, therefore, no reliable data are available 
until now. For our density measurement we used a new optical measurement technique 
combined with electromagnetic levitation. 

2.1 Experimental Setup 
The density was measured using the arrangement shown in Fig. 1.  
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Fig. 1.   Experimental set-up for the density measurements. The shadow of the liquid, 
levitated sample inside the levitation coil, illuminated from the back by an expanded 
HeNe laser beam, is recorded by a CCD camera. 

The sample was levitated and melted under argon atmosphere. As soon as the 
electromagnetic forces lift up the sample, currents that are induced inside start heating it 
up. Temperature control was maintained by carefully cooling the sample in a flow of 
argon gas. The temperature was measured using an infrared pyrometer. For measuring 
the density, i.e., the volume of the sample, it is of particular importance that the sample 
is fully visible from aside. We therefore designed a coil which assured that no part of the 
edge of the sample was hidden by the windings.  

To measure the sample volume an expanded, parallel HeNe laser beam was used 
to illuminate the sample from behind, see Fig. 1. The laser light is then focussed on the 
small aperture of a pinhole, which removes all non-parallel parts of the beam coming 
from interferences or the hot sample itself. Furthermore, a band-pass filter additionally 
blocks all light not originating from the laser. The shadow image of the sample is then 
captured by means of a digital CCD camera, and fed into a computer. Finally, it is 
analyzed in real time by an edge detection. A calibration of the whole optical setup is 
performed by using very well defined ball-bearing spheres. This optical setup has the 
advantage to prevent apparent size changes due to sample movements along the optical 
axes, and to guarantee a constant contrast for the edge detection algorithm independent 
of the brightness of the hot sample. 

2.2 Results and Discussion 

Experimental data for the density ρ(T) of different liquid Cu-Ni alloys are 
depicted in Figure 2. 
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Fig. 2.   Density measurement data of liquid Cu-Ni alloys for different concentrations 
and temperatures. 

It can be seen that the density data fit very well to a linear function of the temperature. 
)()( LTL TTT −+= ρρρ . (1)

In this equation, ρL is the density at liquidus temperature TL, and ρT is the thermal 
coefficient of the density. Their values for the different copper and nickel concentrations 
are listed in Table I. 

Table I.   Density parameters ρL, ρT, together with the liquidus temperature TL for 
different concentrations of the liquid Cu-Ni alloy, taken from a linear fit to the data 
presented in Fig. 3. 

 TL 
°C 

 ρL 
g cm-3 

ρT 
10-4 g cm-3 °C-1 

Copper 1084 7.90 -7.65 
Cu90Ni10 1136 7.97 -7.95 
Cu80Ni20 1190 8.09 -9.57 
Cu60Ni40 1280 8.13 -10.3 
Cu50Ni50 1320 8.10 -7.72 
Cu30Ni70 1380 8.06 -9.11 
Cu10Ni90 1433 7.96 -9.26 
Nickel 1454 7.92 -10.1 

   

From these parameters, the density at all temperatures can be extrapolated. For a study 
of the concentration dependence of the density of liquid Cu-Ni, we use the values 
calculated from (1) for T=1272 °C. Figure 3 shows a plot of these data. 
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Fig. 3.   Concentration dependence of the density of the liquid Cu-Ni alloy at 1272°C. 
The dots represent the measurement values, the dashed line reflects the behavior of the 
ideal solution model, and the solid line that of the regular solution model of Eq. (4). 

For an ‘ideal binary mixture‘, which assumes no interactions between its 
components A and B of molar masses MA and MB and molar volumes VA and VB, the 
density ρ(T) can be calculated at a specific temperature T according to the atomic 
concentrations cA and cB=1- cA to 
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where ρA, ρB are the densities of the pure substances A and B at the temperature T. For 
the densities and molar masses of liquid copper and nickel at 1272°C the behavior of (2) 
is presented by the dashed line in Fig. 3, proving that a Cu-Ni alloy is not composed of 
independent constituents. Instead, the total volume must be corrected by the ‘excess 
volume’ VE, which accounts for an interaction between the alloy components. For this 
we choose the simple symmetric approach 

XBAE VccV =  (3)
with VX being a constant parameter, independent of temperature and concentration. The 
density for a binary mixture can then be written as 
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(4)

For the densities and molar masses of liquid copper and nickel at 1272°C the fit of (4) to 
the measured density data yields for VX = −0.85 cm3/mol a much better coincidence. 
The corresponding graph is presented by the solid line in Fig. 3. Note, that the excess 
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volume VE is negative, implying that the total volume of the mixture is smaller than the 
sum of the single Cu and Ni melt volumes. 

We assume that this result follows mainly from pure geometrical arrangements of 
the copper and nickel atoms in the liquid. An influence of the mixing enthalpy can 
probably be excluded, because the temperature of 1272°C is far away from the 
maximum demixing temperature of ca. 425°C, and because the demixing tendency of 
this alloy should on the contrary even enlarge the excess volume. More details of the 
results and the experimental setup for the density measurement can be found in [7] and 
[8]. 

3. SURFACE TENSION 
3.1 Experimental Setup 

The experimental setup for the surface tension measurement is similar to that for 
the density measurement, see Fig. 4.  
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Fig. 4.   Experimental set-up for the surface tension measurements. The sample is 
levitated in a quartz tube. The temperature and surface oscillations of the droplet are 
alternatively observed from the top over a mirror by a pyrometer or a video camera. 

The Cu-Ni sample is levitated and melted within a quartz-glass tube filled with a 
mixture of helium and hydrogen, whereas the magnetic levitation coils are located 
outside of the glass tube. The temperature is measured by a pyrometer and controlled by 
the gas flow. The turbulent fluid flow of the Cu-Ni melt, excited by the strong rf 
magnetic levitation field, causes oscillations of the droplet surface which is recorded by 
a camera. As a containerless technique, electromagnetic levitation has the advantage that 
the oscillations of the liquid droplet can be observed without distortions from a 
mechanical contact of a support.  
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From the camera image the ‘oscillating drop method’ evaluates by Fourier 
analysis the surface oscillation frequencies of the sample around its equilibrium shape. 
For a non-rotating spherical sample the relation between the oscillation frequency Rω  of 
the least damped oscillation mode and the surface tension γ is given by the Raleigh law 

MR
γπω

3
322 = , (5)

where the mass M of the droplet is determined by weighing. For rotating, non-spherical 
droplets, which generally occur in ground based levitation facilities, corrections have to 
be applied. More details of this measurement method can be found in [9]. 

3.2 Results and Discussion 
Representative for other concentrations, Fig. 5 shows the temperature dependent 

measurement data for the surface tension γ(T) of the liquid Cu80Ni20 alloy.  
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Fig. 5.   Surface tension measurement data of liquid Cu80Ni20 for different temperatures. 

The behavior of γ(T) is sufficiently well described by a linear temperature dependence 
)()( LTL TTT −+= γγγ , (6)

where γL is the surface tension at the liquidus temperature TL, and γT is the thermal 
coefficient. Their values for the different copper and nickel concentrations are listed in 
Table II. For an investigation of interactions between the copper and nickel atoms in the 
melt, Fig. 6, representing the dependence of γ on the concentration at 1550°C, is more 
interesting. To understand the behavior of γ we note that for each alloy component i the 
surface tension can be defined as the difference between the chemical potential at the 
surface µS and in the bulk µB divided by the number of atoms per surface area a [10] 
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Table II.   Surface tension parameters γL, γT, together with the liquidus temperature TL 
for different concentrations of the liquid Cu-Ni alloy, taken from a linear fit to the 
measurement data. 

 TL 
°C 

γL 
N m-1 

γT 
10-4 N m-1 °C-1 

Copper 1084 1.30 -2.34 
Cu90Ni10 1136 1.31 -2.21 
Cu80Ni20 1190 1.34 -2.17 
Cu70Ni30 1235 1.32 -3.24 
Cu60Ni40 1280 1.36 -1.91 
Cu50Ni50 1320 1.37 -0.94 
Cu40Ni60 1347 1.38 -0.45 
Cu30Ni70 1380 1.43 -0.84 
Cu20Ni80 1417 1.51 -0.21 
Cu10Ni90 1433 1.61 -0.67 
Nickel 1454 1.77 -3.30 

   

For an ideal solution of the two alloy components, where no interactions take place, we 
know from thermodynamics that 

)log( ,,
,

BS
i

BS
mixi cRT=µ , (8)

so that in our case 
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First of all it is obvious that differences in the surface tension between the alloy γ and its 
single components γi result in a surface segregation, i.e., in different concentrations of 
the components at the surface S

ic  and in the bulk B
ic .  

 
Fig. 6.   Concentration dependence of the surface tension of the liquid Cu-Ni alloy at 
1550°C. The dots represent the measurement values, the dashed line reflects the behavior 
of the ideal solution model, and the solid line that of the regular solution model. 
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Furthermore, it is evident that the dashed line in Fig. 6, resulting from Eq. (9), where the 
surface concentration S

Cuc  has been eliminated by the second equality in (9), does not fit 
the data points very well. A more detailed analysis, which also considers the demixing 
and ordering tendency of the Cu-Ni alloy, quantitatively described by the mixing 
enthalpy NiCuNiCu ccWH ,=∆ , and leading to an increased surface segregation, meets the 
observations much better. More details about the surface tension measurements of the 
Cu-Ni alloys can be found in [10] and [11]. 

4. ELECTRICAL RESISTIVITY 
Non-contact electrical resistivity measurement on liquid metal samples can be 

performed by use of the electro magnetic induction [12], [13]. However, the 
conventional methods generally employ crucibles for the containment of the melt. We 
have instead combined this measurement technique with the electromagnetic levitation 
method by placing a levitation coil around the pair of measurement coils to keep the 
sample completely untouched. 

4.1 Experimental Setup 
Figure 7 shows the arrangement of our measuring transformer between the 

levitation coils.  
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Fig. 7.   Experimental set-up for the electrical resistivity measurements. The primary 
(gray squares) and secondary (black squares) measurement coils are integrated with the 
surrounding levitation coil in an UHV chamber. 

The alternating current I1 in the primary coil of the transformer generates a high 
frequency magnetic field that induces a voltage U2 in the secondary coil, which depends 
on the electrical resistivity r of the sample, its radius R, and the deviation of its shape 
from the spherical symmetry α 

),,(
1

2 αϕ RrZe
I

U i = . (10)

By a measurement of the absolute values of I1 and U2 as well as the phase difference ϕ 
between both, the (complex) impedance ),,( αRrZ  is determined. In the next step the 
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electrical resistivity of the liquid droplet is calculated from the theoretical relation 
between Z and r, which is well known except for calibration constants that depend on 
the radius R and the shape factor α. In order to determine these constants, all 
measurements are performed at different current frequencies in the range between 
10kHz and 1 MHz. Furthermore, a calibration experiment with a spherical sample of 
well defined resistivity and radius has to be carried out. 

During the measurement the sample is containerlessly positioned by the 
levitation field in the center of the measurement transformer. To prevent inductive 
interactions between the high frequency magnetic levitation field and the measuring 
coils, the measurement itself is performed only in short time intervals of about 1 ms 
duration, during which the levitation field is completely switched off. More details of 
the experiment facility can be found in Ref. [14] and especially in Ref. [15]. 

4.2 Results and Discussion 
Experimental data for the electrical resistivity r(T) of different liquid Cu-Ni 

alloys are presented in Fig. 8.  
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Fig. 8. Resistivity measurement data of liquid Cu-Ni alloys for different concentrations 
and temperatures. For nickel concentrations of 20% and 40% there are weak deviations 
from the typical linear temperature behavior. 

It can be seen that weak deviations from the typical linear temperature behavior occur 
for nickel concentrations cNi = 20% and cNi = 40%, which we describe for simplicity by 
a polynomial temperature function 

2
210)( TrTrrTr TT ++= . (11)

The coefficients r0, rT1, and rT2, which are listed for different concentrations in Table III, 
result from fits to the measured data.  
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Table III.   Resistivity parameters rL, rT1, and rT2 of Eq. (11) for different concentrations 
of the liquid Cu-Ni alloy, taken from a fit to the data presented in Fig. 8. 

 r0 
10-8 Ωm 

rT1 
10-10 Ωm °C-1 

rT2 
10-13 Ωm °C-2 

Copper 10.9 0.945 0.0 
Cu80Ni20 113 -12.9 6.11 
Cu60Ni40 118 -9.61 4.40 
Cu40Ni60 66.8 1.04 0.0 
Cu20Ni80 64.9 1.59 0.0 
Nickel 52.3 2.40 0.0 

   

To understand the behavior of r(T) we remind that the electrical resistivity in non-
ordered liquid metals is caused by the scattering of the free valence electrons by the 
electric potential of the remaining ions of charge eZ  [16]. Essentially three effects have 
an influence on the scattering and thus on the resistivity. 

1) The basic part in the resistivity results from the scattering of the electrons at the 
randomly distributed Cu and Ni ions of uniform density and concentration. This is 
expressed mainly by the constant term r0 in Eq. (11). Due to the differences in 
atomic radii or densities of the two components, which have an influence on the 
scattering cross section, this term depends on the Cu-Ni concentrations. 

2) For increasing temperature, density fluctuations of the ions proportional to the 
thermal energy kT occur, which locally change the scattering potential and thus the 
electrical resistivity. This is expressed mainly by the second term in Eq. (11). 

3) Other contributions to r(T) result from differences in the valence numbers of the 
Cu and Ni ions, i.e., from NiCu ZZ ≠ . In this case the scattering potential changes 
also by a variation of the Cu-Ni concentration. This can be caused by 

a) a uniform concentration change resulting in the concentration dependence of 
the resistivity as shown in Fig. 9. 

b) local concentration fluctuations (structural ordering of the ions), which 
increase with decreasing temperature due to the positive mixing enthalpy of 
the Cu-Ni alloys. The resulting changes in the local scattering potential give 
rise to the observed deviation from the linear temperature dependence. 

Without interaction between the copper and nickel components in the alloy, expressed 
by the positive mixing enthalpy, and the resulting structural ordering of the ions, the 
observed deviation from the typical linear temperature behavior of the resistivity can not 
be explained. Details to these results can also be found in [17]. 
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Fig. 9.   Electrical resistivity of liquid Cu-Ni at 1270 °C as a function of the nickel 
concentration. 

5. SUMMARY 
We presented measurement data for the density, surface tension, and the 

electrical resistivity of undercooled liquid Cu-Ni alloys of different compositions and at 
different temperatures. All quantities show small deviations from the typical behavior of 
an ideal solution implying that interactions between the copper and nickel atoms in the 
melt have to be taken into account. For the density this manifests itself by the negative 
excess volume, which means, that the molar volume of the mixture is smaller than the 
sum of the molar volumes of the constituents. For the surface tension this is proved by 
the measurement of smaller values than expected due to enhanced surface segregations. 
And finally, for the electrical resistivity this results in a deviation from linear 
temperature dependence. 
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